LEGIBILITY NOTICE

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



[ BEENEBYTC FER2AWBI .
Division of
BROWN

I“' ']l I

Q.o
||

TWO-PHASE FLUID FLOW
THROUGH NOZZLES AND
ABRUPT ENLARGEMENTS

H. Olia, P. F. Maeder, R. DiPinpo and
D. A. Dickinson

Usive rsity of California |
Los Alamos Natjonal Laboratory
LASL 9-X%63-H4003-1

Report No. GEOFLOMY N&ﬂ October !9&3

lﬁmmmm‘



LA-UR-~83-3695
DE84 006991

TWO-PHASE FLUID FLOW THROUGH NOZZLES AND ALRUPT ENLARGEMENTS

by

4. Olia, P. F. Maeder, R. pirippol!) and D. A. Dickinson

Division of Engineering
Brown University

Providence, R1 02912

'“‘“‘“ - .
. narvice b
October 1983 FORTIONS OF THIS ©<.90.17 ATF RLSAIDLE

R Bas beasn reprodusoy ium the best

avalishie copy to
. poasitie av . ':"'"“Nm.q

st g davta!

DISCLAIMER

This report was prepared a3 an account of work

sponsored by

Government. Nelther the United States Goversment sor any lpney“ Ww‘ 'ﬁ):“ds:';

mﬂll o hm-nyvanmy.cwwhﬂnnmmnyblhl‘ﬂm :’lﬂwﬂ:
y {of the Accuracy, compiiehes, or usefuleass of uny infermation, apparst . product,

n:dbhd.uwulhllummuuhﬁhpmmuriﬁu -

mhudnm louylpdﬂemnﬂdnlrmdhﬂ.ﬂﬂﬂ.uuﬂhbyhnﬁhm\ﬂ:nﬁ

mn": :r otherwise dosr aot necessarily comstitule or Imply i endorssment, recom

s ur:::;:nru UﬂuﬂlkntLqTTnmnnlwwuvualnylhu-m‘ﬁk!hn;
oplnons bl l"pu.d.“ Ilmlnl .a. necessarily siate or reflect those of the

Roport No. GEOFLO/IY
ISTRIRUTION OF THS PIRIMENT IS IRWNTR

(l)Also. Profossor of Mechanleas tugine
Univorsity, N. Dartmouth, MA 02747,

ering, Southeastern Massuchusetts



10,

INTRODUCTION .
LITERATURE SURVEY
BASIC ASSUMPTIONS AND EQUATIONS .......
N?ZZLE FLOW AS A FUNCTION OF "BOOST" ..
NOZZLE PERFORMANCE CURVES ....

NOZZLE FLOW FOR VARYING BACK~-PRESSURE .

TABLE OF CONTENTS

ANALYSIS OF FLOW DOWNSTREAM OF NOZZLE EXIT ....

SUMMARY:

GIVEN UPSTREAM CONDITIONS ......
SAMPLE RESULTS FOR REFRIGERANT 114

ACKNOWLEDGEMENTS ,...44»

REFERENCES ..

TABLE

FIGURES ....

APPENDIX

RANGE OF DOWNSTREAM CONDITIONS FOR



1. INTRODUCTION

The behavior of a fluid undergoing a phase change from liquid to vapor
while flowing through a duct is of intercst to engineers in muny practical
situations. For the case of interest to us, gcothermal hot water flowing
through various channels (well bores, surface pipes, cquipment, etc.) may
reach its flash point and choke point under appropriate conditions. The
proper design of energy conversion systems depends on the ability of the engi-
neer to predict this behavior with an acceptable degree of accuracy.

The present study was in part motivated by tlic task of designing the blew-
down, two-phase fluid flow test facility at Brown University [l1]. In that faci-
lity, a refrigerant (dichlorotetrafluorothane or R-114) is boosted to a select-
ed stagnation stato and allowed to flow through a nozzlec orifice into a long
straight tube. The operation relies on the fluid being choked at the inlet scc-
tion. 0ad undor certain circumstances, at the downstrcam scction as well. A sim-
plo schematic of the test scection is shown in Fig. 1,

This papor treats the problem generically and analytically, making usce of
the basic laws of fluid mechanics and thermodynamics. Specific calculations have
beon porformed using R-114 as the flowing medium, We attempt to identiiy and des-
cribe ull possible flow conditlons in and downstream of the nozzle for all possible

stagnation conditions.

2. LITERATURE SURVEY

The subjrct of critical flows of two-phase mixtures has been treiated by a
large number of Investipators both analytically and experimentally, with emphasls
on tho latter and focused on problems relating to the operacion of nuclear power
stations,

A rocent summary of such work was given by Abuaf et al [2]. Cumo [3] reported



on measurements of two-phase jets during transient flow as might occur duving a
loss-of-coola:it-accident (LOCA). Giot [4] discusses methods of predicting the
pressure drops associated with two-phase flow through abrupt c¢nlargements, con-
tractions, comblnations of enlargements and contractions, sharp-edged orifices,
bends, teces and Y's, Watscn et al [5] focused on the sharp-edged orifica and
developed seml-empirical correlations for pressure drop, quality and mass flow,
using water and steam in various combinations of pipe and orifice ciameter, but
for iow quality flows (x < 0.11). A freon boiling loop was uscd by Harshe et al
[6] to study pressure drop in a contraction-enlargement section. In their analy-
sis of the results, they allowed for slip between the phases everywhere in the

flow except at the vena contracta where the flow was assumed to be homogencous.

Certain cxperimenters have investigated flows of two-component, two-phase
mixtures, typlcally alr and liquid water; notable among such workers are Dukler
ard co-workers [7], and Petrick and Swanson [8]. The upplicability of results
obtained on two-componcnt systems to one-componcnt systems rcmains an open ques-
tion owing to the lack of complete thermodynamic similarity between the two cises.
[t is felt that the latent heat effecets play a crucial role in determining the be-
havior of onc-component, two-phasc flows. No such c¢ffect is present in two-

component, twe-phase flows,

3. BASIC ASSUMPTIGNS AND EQUATIONS

Ke shall consider the flow of a fluld, clther a liquid or a two-phase mixture,
through an orifice. The oriflee is modeled as a smooth converging noz:le, as shown
In Flg. 2. The nozzle is of a certaln length, the exit plane of which is labeled
as 1 In the flgure, The fluld Is fed to the noczle from a large reservoir charac-

el =p rocor : wweticos (State ‘h as P T . H
terized by certaln stapgnation propertics (state 0) such as Pyr T h“. $o0 VYo For

this part of the analysis we focus on the control volume, V-1, between the stagna-

tion state and any arbitrary locatlion, I, inslde the nozzle.
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assumptions are:

The flow is horizontal,

Thermal, mechanic.., and chemical equilibrium exist between the liquid
and vapor phases of the flow.

There is no slip between the phases, i.c., the velocity of the liquid
and the vapor phases are the same.

The flow is onc-dimensional, i.o., the velocity is perpendicular to
the nozzle ci.oss-section and uniform in cach cross-scction.

The flow is steady, i.e., at each point the fluid properties and
velocity do not vary with time. Alternatively we may imagine that
small variations have been averaged out over the short time interval
associated with an actual measurcment, and the scquential mecasurcments
are constant within the standard deviation of this aveiaging process,
Tho system is adiabatic, i.c., therc 1s no heat transfer between the
fluid and its surroundings.

The cffect of wall shear stress is neglligible.

Thus, the flow proces is assumed to take place isentropicilly between the

stagnation statc and any point inside the nozzle. We shall deal later with the

situation that occurs vhen the fluid lecaves the nozzle and enters the constan.-

area enlargoment,

We now shall apply the usual conservation laws for energy and mass to the

fluid contained within control volume CV-1. I'rom conservatlon of cnergy (Flrst

Law of thermodynamics), we obtain:

h° -

9
hy + 1/2 wl' , (N

and thn continuity cquation gives

m = wA/v = constant, (2)



The Second Law may be expressed simply as

S, % 8- (3)

The mass flux, ¢y, is defined by rearranging eq. (2) as follows:
v = m/A = w/v = pw. (4)

Finally the equation of state for the fluid is needed. This may be

expressed in general form as
f(s, h, v) = 0, (5)

It turns out to be convenient to definc the following dimensionless
paramoters:
e Mach number, M,
M = w/a, (6)
® Referance Mach number, M;
- w* -
M=wa . (7)
e Dimensionless mass flux, J;

Jo= oy . (8)

In these cquiations, the term, a, 1s the choking velocicy, namely,

a .[[ ﬁ;]s]llz ()

This quiantity is well-known for single-phase fluids, and has been calculated
for mixturcs of liquid and vapor by various people, according to a no-slip
(or homogencous) flow model. Tabulated results are available for water sub-
stance, for cxample, in Ref. [9], und for RILV and water in Ref. [10], The
term, h., is the choking velecity at the Vlash point, i.c., under saturation
conditions reached isentropically from the stagnation state.  The term, w..
is given by
] *

oA, (1m

and Is a reference mass Flux achieved when t'e fluid tlashes and choaes
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similtaneously with a velocity just equal to the choking velocity, i.e., when

- w —
We=w =wa,orM=M=1,

4. NOZZLE FLOW AS A FUNCTION OF "BOOST"

The flow through the nozzle will bhe described as a function of the '"boost'--
the excess enthalpy, i.e., stagaation enthalpy minus the saturation enthalpy for

an isentropic process starting from the stagnation state:

L
boost ho(Po.so) - h (so) (1la)

L ] 1]
: < » P (s .
v (s.) { Py - P (s )} (11b)
In the description that follows, vwe will assume "hat the fluid is choked
at the nozzle exit. NWe discern five cases of interest.

w*
e Casc l: h = h . Sce Fig. 3fa).
—_ 0 o

The stagnation enthalpy is equal to that value which causes the fluid
to reach the chohing velocity just as it rcaches the flash point. For this

special case, the reference Mach number cquals unity; i.e.,

* »
— W w d
M= 55 —= <=1, (12)
il HY a

Furthermore, the dimensionless mass flux is also equal to unity; i.e.,
»*

P N F (13)

o th
The fluid flows as a compressed liguid through the nozzle and reaches its

flash point and chokes simultancously at the enu of the nozzle.

L ]
ta R . sve* i 3
o Case 2: ho ho . Scee Fig. 3(b).

Since the boost in this case is greater than in Case 1, the Cluid flows
as a compressed liquid up to the flash point where it immediately chohes because
its velovity will exceed the local chohing velocity.  Thus, M -1,

] [}
o UCase 3: h_ =~ h - h . Ser Fig, d(e).

.- G 0
*
Here the stagnation enthalpy lies between the value of h’ and the saturation
\
centhalpy fur the isentropic process.  For this case there is inrutficient boost

to cuause the fluld to choke upon flashing. Thus the fluid first flashes at some

point inside the nozzle with a subceritical velocity, and then continnes to



accelerate until it reaches the choking velocity as a two-phase mixture. The chok-
ing point must, of course, be at the end of the nozzle since the Mach number reaches
unity at that point and the mass flux is a maximum.

o Case d: h_ =h". See Fig. 3(d).

For this case the reservoir conditions are those of a saturated liquid so the
fluid flashes immediately upon entering the nozzle. Since the fluid is assumed
to start from a stagnation state, i.c., w, = 0, then the rcference Mach number
starts from zero, i.c., M = 0. The fluid will choke as a two-phase mixture, as
soon as it reaches the local choking velocity, a.

o Case 5: h_ <h. Se Fig. 3(e).

This case is similar to Casc 4 cxcept that the initial conditions consist
of a two-phase mixture at the stagnation state.

These five cases can be visualized with the aid of the (y, w)-diagram given
in Fig. 4. llere we have plotted the mass flux versus the fluid velocity. The
steep straight line represents purely liquid flow where the density is essentially
constant, i.e.,

W = ngh T constant x w. (14)
Onc can imagine a sequence of fluid state points starting from the origin and pro-
ceeding up the liquid line until the flash point is reached. As long as the fluid
is not choked, it can continue from the flash point as a two-phase mixture along
one of the branch curves until the choking point is rcached, i.c., until one reaches
the maximum in ,. This will signify the end of the nozzle for the chosen conditions.
Lach branch curve in Fig. 4 represents a constant value of boost or a particular
stagnation enthalpy., The entropy is constant and cequal to So for all processes.

The upper two branch curves, (1) and (2). are for Case 2 where the fluid
Flashes with & ~ 1. Thus the curves are hypothetical siace the fluid remains a
liquld throughout the nozzle, and we would need to insert a smooth dlverging sec-

tica follewing the throat for the fluld to continue along a branch with increasing



velocity. That ls, we uculd need a Delaval nozzle to carry the fluld into the two-
phase supersonic regime. A similar conclusion can be drawn for the next lower
branch curve, (3}, Casc 1, where it can be scen that the fluid flashes and chokes
with N =1, M= 1, and y = v*- At this point the branch curve has a horizontal
tangent.

The remaining five branch curves, (4)-(8), all exhibit a maximum, i.c., a
point where the mass flux recaches its greatest value, namely, its choking mass
flux. The loci of these maxima trace the linc, M = 1. Physically recalizable
flow states must procced from the liquid linc and up thec rising portion of these
branches to the point where M = 1; flows continuing Jdown the descending portions
would violate the cquations of motion if the noz:zle extended beyond the point
where M = 1 with a decreasing cross-sectional arca. Again a Delaval no::zle would
be required. Althouch it may not he obvious from the achematic Jdlagram, Fig. 4,

L |
the branch curve for ho = h is tangent to the line 7 = . w at the origin, . = w = 0,

{
It Is clear from Fig. 3 that the flow need not be choked in all cases. As
long as the pressurc at the end of the no::le, Pe. is greater tnan the choking
pressure, Pc' then the flow will net be choked. For Cases 1 and 2, the unchoked
flow will rcach the exit as a compressed liguid; for Cases 3 and 5, it will emerge

as a two-phasce mixturc; for Case 3, if Pc = | it will leave as a compressed

\ ]
sat’

liquid, and if P‘at > Po > Pc, it will lcave in a two-phasce state.

§. NOZZLE PERFORMANCE CURVES

Noz:zle performiance curves can be drawn up from the solution of ogs. (1-3)
together with the appropriate choking velocity and the definitions given in ogs.
(6-8). The mcthod Is stralghtforward. The stagnation properties are specificd
for a glven working fluid. Successive values of enthalpy, hl' arc selected; velo-
city values, w;» arce then found from oy. (l}. The specific volume, v, can be found
using cqs. (i) and (5), and the mass flux, ., is then caleulated from eoq. (4). The

choking velocity, 7 , is found for the sclected fluid conditions tfrom eq. (W) or



Refs. [9] or [10], and the velocity, w, is compared with it to see whether the
chosen state is subcritical, critical, or supercritical.

Detailed calculations have been carried out for refrigerant-114 (R114), and
the results are shown in Fig. 5. The coordinates are similar to those used in
the illustrative diagram, Fig. 4, except that they have been made dimensionless:
the ordinate is the dimensionless mass flux, J, and the abscissa is the reference

Mach number, M.

The diagram shows performance curves for the following values of the para-

meters:
a 2
— a 3754.4 kg/(s-mn”),
"
w
a = 2.56 m/s,
W
h = 24,054 kJ/kg,
. *
and T = T = 25°.

One will notice that the constant beost lines are actually plottel as lines of
L]
h - h = constant in accordance with the definition given in eq. (1la). Alro

o

shown are sceveral lines of constant Mach number, constant quality, constant valucs

of v/vf. and constant AT where AT is the difference between the flash temperaturc
*

and the local fluid temperature. A pair of auxiliary curves at T = 20°C and 30°C

are also included to show the eftect of changes in stagnation temperature. These

arce shown as broken and dashed lines, respectively,

6. NOZZLE FLOW FOR VARYING BACK-PRESSURL

For this part of our study we shall take the reservoir or stagnatlon conditions

as fixed, and examine the eftect of changes in the downstream pressurce, P as

2.

shown in Fig. 2. In a practical sense, this represents the case of controlling the

flow trom the rescervoir, through the orifice, and into the pipe, as illustrated



in Fig. 1, by setting the opening of the downstream control valve, i.e., by
setting the pressure, Pg.

Before we tackle the problem quantitatively, let us first describe quali-
tatively the nature of the flow as a function of the pressurc, Pg. It should be
understood that P2 is measured just downstream of tho point where the issuing jet
attaches itself to the wall of the pipe, and corrcsponds to the place where we
can once again treat the flow as one-dimensional. Sincec a free, turbulent jet
epreads with a roughly constant half-angle of 13° [1l], this point may be closcly
approximated in practice,

The pressure drop along the pipe from station 2 to the control valve where
Pg is mecasured will depend on the naturc of the flow between these points, c.g.,
liquid only, two-phasc, etc. We shall not consider this latter aspect of tho
flow, but shall concentrate on the flow from state 0 to state 2.

The nature of the flow dcponds on the amount of boost. Let us assume that

L ]
h, >h_, i.e., Casos (1) and (2). See Figs. 3(a) and 3(b). Initially suppose

o = M

that the pressurc is unlform throughout tho systcm with Pz a Po. There will be

no flow. This is Case [ shown in Fig. o(a). when P2 is lowered to a value slight-
ly less than Po, (Case 1), flow will begin. The pressure falls through the noz-
zle, and the fluid leaves the nozzle with an exlt velocity less than the choking
velocity, scparates from the nozzle, expands as a free jet, and attaches itselfl

to the wall of the s%raight pipe. Pressure recovery is Incomplete during the
expnnsion because of entropy production assocliated with the jet piocess.  The
prossurc In tho scparated region, Ps, is equal to that at the exlt pline, Y
As Pz is lowered further, the mass Flow rate bnercases and tho nozaile exle

pressuro falls (Case 1I1). At a particular value, (Case 1V), the noz-le exit

prassure reaches the saturation pressure for the glven stagnation conditions
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and the fluid flashes and chokes at the nozzle exit. We shall call this particular
back pressure ch. As the jet immediately begins to oxpand, the pressure increases
and the fluid returns to a compressed liquid condition. The details of that pro-
cess are beyond the scope of this analysis.

For values of Pz < ch , (Case V), a complex fluid process, consisting of
Prandtl-Meyer expansions, oblique and normal shock waves, occurs in the highly
turbulent jet. The process may even be reasonably isentropic for a short dis-
tance downstrcam of the exit plane of the nozzle. In any event, we are interest-
ed in the state of the fluid at position 2.

In a similar fashion one may describe what takes place when the boost is
such that h* < h° < ho*, i.e., Case (3). See Fig. 3(c). It ought to be men*ioned,
however, tnat in practice hO* is so closec to h* that such a condition is very dif-
ficult to creatc. This is a result of the extremely low choking velocities un-
countercd along the saturated liquid line. ‘Thus only a tiny boost is neccssary to
accelerate the fluid to its choking velocity when it flashes.

Navertheless, for such a condition, Cases I, II, and II1, as shown in Flg. 6(a)
would apply here as well. See I, II, and III in Fig. 6(b). At a certain buack pres-
sure, st, the pressure at the nozzle exit reaches the saturation pressure, P1= psat'
and the fluid flashes, but Joes not choke (Cuse IV'). For Pz slightly less than
st, the fluid flashes Inside the nozzle, flows to the exlit as a two-phase mixture,
expunds as a two-phase jot, and may rocover sufficient pressure to recondense
before !t attaches itself to the wall (Case V'),  Eventually Pz may be reduced to
a value Plc that causes the two-phase mixture to choke at the exit (Chse VI'),
Further reduction In PJ will result In the glnd of complox flow processe: Jescri-
bed above for Case V, shown as (asos VIL' and VIII' In Fig. o0(b). As the back-

] . .
pressure !, s reduced below I',)7, the flash front moves upstream {rom the now.zle

exit plane unti) the fluid chokes, at which point the flash front remains £1xed-
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The similarity between Figs. 6(a) and 6(b) and the wcll-known analogous figure
for one-dimensional compressible flow through a converging-diverging nozzle is appar-

ent .

7.  ANALYSIS OF FLOW DOWNSTREAM OF NGZZLE EXIT

We focus now on the control volume CV-2 in Fig. 2, i.c., from the exit plane of
the nozzle to a point just downstrecum of the point whcre the jet attaches itself to
the pipe wall, and including the region of separated flow.

The continuity equation givcs

m e oW Allv1 =W, Az/v2 ) f15a)
or me= U ST VI (15b)

where Al is tho exit arca of the nozzle.
The encrgy equation may be written as
2 2

ho = h1 +1/2 L hz +1/2 LP (16)

In writing the momentum cquation we must be careful to distinguish between the
cascs where the flow iIs choked or not choked at the nozzle exit. As long as the
flow is not choked thc pressure ln the separated region, Py will be ecqual to the
pressurce in the exit planc of the nozzle, Pl. Under choked condition, the pressurc

in the oxit plane will not, in genoral, be equal to the pressurce in the scparated

reglon. They will be equal only for tho special case when the buck pressure, P, ,

is the maximum value to produce choked conditlons at state 1. For any lower back
pressure, the pressurc Pl remiaing tixed at its choked value whernas Py d.creases
uccordi g to the back pressure.

In generul the momentum cquation may be expressed in the form

ﬁ\(w2 - W) =P Ap + Py - ) = Py A, (17)

As long as the flow In nwt choked, Pl and Pooare identical, and eq. (17) becomes
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m(wz - wl) a Az (P1 - Pz) . (18)

When P2 is the maximum value possible under choked flow cenditions, i.e., when

Pz = PZL, eq. (17) may be written as

Cc

ﬁc("z - a,) = AP - P (19)

ifor choked flow with any lower value of Pz, P2 < P2°, the momentum equation is

mc(w2 - al) = plc A1 + I's(.‘\2 - Al) - P2 Az . (20)
The equation of state for a one-component purc substance, as before, is
given by
f(s, h, v) = 0. (5)
As long as the flow is not choked, we can combine eqs. (15a) and (18) to

give the following expression for I'. in terms of I',:

1 2
]
wl' v,
) a | . N { —_— -
e P, v, % {r v Dr , (21)

where r : Al!A

us to calculate P, from a known P, because the specific volume v, 18 a function
- -

2" Unfortunately this cquation v itself does not in general allow

of hoth P, and S

separation process, the Second Law requires

the latter of which remains unknown., Owing to the dissipative

However, o drartic simpliflcation becomes possible for the special case where
the flnld is In the Llquid state at beth section 1 end 20 We may write the

Bernoul 1i equation for GV-1 between states 0 and 1:
2
1

’ a L J!
Iu I'l * 2vl ' (23)

Solving tnls ror wlz. substituting into o, (Jl).auulrunrrunghui we find

v Y

U R U I L v3 L (24)
2 !

P
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But since thore is liquid at states 0, 1, and 2,
Vy RV, YV, constant, (25)
and

2
P2 = (2r - 2r + 1)P1 - 21(r-1)P° . (26)

Thus for this special case, P1 and Pz are lincarly related, i.e., as long as the

flow is not chokoed and ls in thc liquid state at 0, 1, and 2.

Turning now to the caie of choked flow, we may combine cqs. (15), (16), and

(18) to obtain the following equation for the pressurc in the soparated region:

2

1 | e 2
Ps "Tor {2 "Wty van o (27)

lc
Onco 2gain we are unable to calculate either Ps or l'2 from the othor, exactly, sinco
v, depends on both ', and the unknown s,. But as hofore we are able to use the ap-
proximation, v, = v , us long as the Fluid (s in the liquid state at 0 and 2. ‘hus,
we may use nq. (27) to find P* for any valuc of I, undor these conditions sincee all

the othor torms - r, I’lc » U Vi $p, , and v, - v, - ure known constants, Aguin,

the equation bueomes lincar In I‘5 and Pz for these conditlions,
We may shed some light on the effect on I'H of varliations In PJ under choked
conditions by implicit differentintion of o, (27):
1 2
dP“ " { ar, + ¥y dv2 } . (28)
Simllarly from eqs. (4) and (15) we find

dwz : wl de ’ {29)

and f'rom oy, (17), we find

dh, ~ -w, dw, . al
2 2 ', )

From equ. (29) and (30) together with ¢, ~ w,/v, , It follows that
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dh, = -y 2y dv (31)
2 2 272"

Tho Glbbs equation applied to section 2 is

Tho last two oquations combine to form
dp, + v,2 dvy = <(To/v,) ds, . (33)
Tho lcft-hand sido of cq.(33) iIs just the brackoted term in oq.(28); thus,

, 1 T
Py = - I T7 ¥

leo

] daz . (34)

[ ]

Since the bracketed torm In oq.(34) is anlways positive (0 < r < 1 by dofinition).
wo soe that I'_q and 8, are invorsoly rclated, i.0., tho pressure in the separated
region can only dncronso whonover tho ontropy at state 2 incroases.

If wo now view tho problem from the porspoctive of tho classic Fuanno-type flow
problom and conslder tho overall control volumo consisting of the unlon of CV-1 and
CV-2, the cnorgy cquation, o¢.(10), muy bo comblnod with the contlnulty ocquution,

. (8), to yleld

hy, = h, ¢ L [ "A‘] v.,2, (35)

where m can ba any value not greator than the choking mass flow ruto, mc. The
equuation of staie, e, (5), may be expressed as

N, " f(hz. VJ). (30)

Thus It Is a simple mutter to compute all possible states 2, l.e., all possible com-
binations of enthalpy und entropy, for a glven pipe slze, glven stagnation conditions
and a specified mass flow rate,. A value Is selected for v, and ey. (35) Is solved

for h.. ¥rom these values, one finds 8, from o, (3v) which Is usually ropresonted

as a set of correlations programmed on o computer.
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In particular we may find the solution curve for the case when tiio flow is
choked, i.e., when m = m_ is at its maximum value. Under thoso conditions we
may alsc dotermine the appropriate back prossure from the oquation of state ex-
pressed in the form

P, = £(h,, 3,). (37)

With this in hand, we can return to ecq.(27) and calculate the corresponding pros-
surc in tho soparated rogion, P’
Thus we aro ablo to construct a Mollior Ji¢ iram (h,s coordinates) to show

the various procosscs as well ns a diagram of I's versus rz. ‘Theso arc given sche-

matically in Pigs. 7 and 9, respoctively.
Fligure 7 shows the bchauvior of the systom for chokod conditions at tho noz-

zle exit and for ho 2 hoi. Thus tho flow chokos and flashos at the oxit of the

nozzle. Varlous back prossures, Pz. will produco corresponding states 2 along the

Fanno line aus can be soen, starting from P, = I‘.,c and for lower values., It w!ll

be observed that tho final state 2 may be: (n) compresscd ligquld IF P,c S LI Pﬂ’;

9

(b) saturatod liquid Lf Pz - st; or (¢) two-phasc, llquid and vapor if P, = Pz
Tho superscript "s" refers to tho condition of saturation.

The pressuro l'zs whore tho Fanno line crosses the sarurated liquid line 1s
canlly calculatod., The enthalpy may be computed From oq.(35) using hnown values

of ho. A, Az. and v, = Ve where Vi Ia taken as the spoecifice volume of the satu.a-

tod liquid at : temperature T ; l.e.,
1 (e ). 2
Y m , 2 -
h 2 2 ho - '.!' [ Kz' ) v l_- ] (-‘8'

Using the equations of state, eys. (30) and (37), or In practl e, tables or correla

. . N s
tions of propertics, we can then find the entropy, =7, and the pressure, P,“:

s," . F(hls, vr). (3oa)

and

Pz L] f(hes. szs). (37n)
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The lowest back pressurc possible at state 2, consisti-t with the Second Law
of thormodynamics, is P2 = PZc' which represents the case when the flow experiences
a second choke, at the position 2.

Although it cannot be troated explicitly under our .ssumptions, for P2 < P2c
«t may happon in reality that cxpanslion occurs in the jet from state 1 to some
statc within the two-phnsc region heforo the "jump" to the Fanno line. Should
thls occur it is possible that tho jump would involve the recondonsation of a two-
phasc jet to a compresscd liquid for a particular range of back pressuros. [igure
8 illustrates this schematically., We show this et'ect occurring over a range of
P; < Pz ’ st. Neither P; nor the location of the recondensation point R can
be calculuted from our analysis. It ls Intoresting to note that this offoct has
been obhscrved cxperimentally In the Brown University Two-Phase Test Facility. As
a further note, It should Le appreciauted that this typc of "jump" is thecorctically
possible within our model for stagnat!on conditions h' < h° < ho* (Case(3), Fig. 3(a)),
but the oxtension from state 1 Into the two-phasc reglon follovs an iszentrope.

Flgure 9 glvos the relationship between the pressure in the scparated region,
P“. and the back pressure Pz. Starting from no-rlow conditions at point 0, ry
falls lincarly with Pz according to eq, (20) untll the flow is choked at the noz:le
exit, As Pz fulls bolow ch the rolation becomes non-lincar und results from the
olution of ). (27) and the Fanno line. At the point 2 where this curve passes
through a minimum, the back pressure Just reaches a value, ch. where the flow 1s
also choked at section 2. The pressure In the separated reglon is wnen |‘sc and
cannot decrease further as long as the flow Is chohed at section 2. For such a
cone, section 2 must occur at the end of the stralght plpe.  OF course ch cannot
be decreased even I the pressure further downstream (for example, in a large re-

celver vessel) s somchow reduced.  Shnce we are not interested in such cases for

this study, the curve relating P“ to P,owill slmply end at point 2 in Flg. 9,
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It should be noted that I‘s may oxceed P2 before the flow is choked
at section 2. This occurs at point E in Fig. 9 for which w may substitute

in eq. (27) to obtain

P,=P =P
s

2 2E
9
8" Vv, *zz
Pe" P T VD T Ty ] (39)

The solution of this equation along with the Fanno line will yleld pZE'

8. SUMMARY: RANGE OF DOWNSTREAM CONDITIONS FOR GIVEN UPSTREAM CONDITIONS

In order to doscribo the nossible conditions that may be achloved down-
streanm of the expanding jet (i.c., at station 2}, it is essentiol to keep the
following quostions in mind:

o Is the flow at tho nuzzle exit choked or not?

e What |s the stagnatlon enthalpy (or boost) reliatlve “o the

quantitics ho' and h'?
e Whut |s the rolative mapnitude of the pressuvres ch and qu?

Sa

S
e NWhat Is tho actunl downstream pressure P, reolative to ch and I,

Depending on the answers to thosc guestions, the state of the fluld at
locution 2 may bo a compressed liquld, saturated liquid, or a two-phase mlxture.
We shall attempt to cover all possible casos In an encyclopedic "ashio
In ull cusos hear in mind that the details of the "jump” i'rom xtate 1 to 2 are

beyond the scope of the present srtudy.

GASE 1. CHOKED ELOW AT NOZILE EXU: P, P

]
A, LE R - ho , then state 1 s always saturated llould, and

.
1. Irpy

. I‘z", then state 2 will be:
a,  compressed ligohd IF P,c N LIS LI

h.  saturated liquid i1, = I',“. or

. |
¢.  two-phase mixture 0, - P,
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2. If ch 3 P,s, then state 2 cannet bo a compressed liquid, and state

2 will be:
a. saturated liquid if P2 « P4, or

b. two-phase mixture if Pz < st.

Cnses I. A. 1 and 2 aro dopicted in Flg. 10(a).

2. If h' i hO < hoi. then statc 1 is always a two-phase mixture, and state 2
can only be a compressed liquid providedthe following thene conditions are
met:

1. %> |':"‘.

2. p2<p,<pS

, and
3. b >h.
Case I. B Is depicted in Fig. 10(b).
C. 1F K% - h*. statc 2 can nover bo u compressed or saturatod liquid, and

only two-phasc mixtures aro possible at state 2, as can be soen from

Fig. 10(e).

CASY IT. FLOW NOT CHOKED AT NOZZLE EXIT: b, > P.S,

A. 1f 0 > hu.' then state 1 Ls alwoys compressced )lgquid, and:
1. 1f et s P,’. then state 2 must be compresscd liguid;
2. If P,c = Pn“ » then state 2 will be:

0. compressed liquid IF P, - P,“. or

b. saturared liquld if P, = lh“;

3. 1 ,c - P.s. then state 2 will be:
: . S

i, compressed liquid 1010, - P,

bh. saturated lliguid I P, P, or
«qy C , , N
¢. two-phase mixtupe it P, - P, - P,
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Case 'I. A is depicted in Fig. 11(a).
* o *
B. Ifh < h < ho , then:
1. If state 1l is .ompressed or saturated liquid, the situation is the
same as for Casc I[I, A.
2. If state 1 is a two-phasc mixturc, then:

o. If P2c> st. then statc 2 must be compressed liquid;

Zc = PZS, then state 2 will be as described under
Case II. A, 2;

c. If chf st, then state 2 will bz as described under

Case II. A, 3.

Casc II. B. 2 is depicted in Fig. 11(oY.
¢. If h°'<h*, state 2 can only be a two-phase mixture. as shown in Fig. ll(c¢).
Once apmn we wish to emphasize that the dashed lines connecting states 1
to states 2 arce merely schematic and do not represent a well-defined process.
lowever, the method described in this stwdy does allow the overall entropy change,

As = 3, - S to be calculated using the fact that NS S, and ¢, (30).

9. SAMPLE RESULTS FOR REFRIGERANT 114

A prearam has been written in BASIC for use on a llewlett-Packard Model
HP-85 desktop computer to give the flash and choke conditions 1n R-114. The
listing of the program is gliven in the Appendix [12].

For given reservoir conditions, and si~zes of the orifice and downstream
pipe, the program provides the following information:

e Flash-point and chokling conditions at the exit of the orifice;

o Indicatlon of whether the flow I8 or is not chohed:

e Identiftication of the phas~s present at scetions | and 2 as compressed

liquid, saturated liquid, or two-phase (liguid-and-vapor).
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The relationship betwecn the pressurc in the stagnant region, Ps , and the
downstream pressure, Pz. is given for a particular set of conditions in Table 1
and in Fig. 12. With reference to Table 1, the Ffour choscn examples correspond

to the earlier citced cases as follows:

(7]

e Example 1: Case (b), Fig.

e Example 2: Case (a), Fipg. 3

(71}

e Example 3: Case (¢), Fig.
e Example 4: Casc (c), Fig. 3.
Examples 1 and 3 arc illustrated graphically in Fig. 12 where Ps and P2 have becn

normalized with respect to the stagnation nressure, Po'
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TABLE 1

Relationship Between Ps and P, for Refrigerant 114

2
for Orifice Diameter = 31.75 mm and Pipe Diameter = 50.8 mm

Example 1 T = 30°C, P, = 300 kPa, M > 1
Fluid fiasl..s and chokes at (:):
P, = P = 250.001 kPa
1 s

P, = 273.804 kPa

2
Ps/Po = 0,8333
Pz/ 0 ° 0.9127.
e Fluid flashes at (:) :
Ps = 210.968 kPla
P2 = 250.225 kPa
Ps/l’° = 00,7032

) m
p2/l0 0.8341,

ixX: 20 T = o = I': M=
Example 2: lo 307°C, Po 270 kla, M 1
e Fluid flashes and chokes at (:) :

P, = Ps 2 248.3 kPa

l
l’2 a 259,06 kl'a
p /P = 0.920
P2/P0 = 0,962,

e Flnld flashes at (:) :
Ps a 231.7 kPa
Pz s 249.3 kl'n

Y /P a «
IH/IO 0.858

‘ ' a2 2! L]
I2/lo 0.923

(cont I nued)
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TABLE 1 (continued)

Example 3: T = 30°, P, = 255 kPa, M < 1
o Fluid flashes at (D) :
P, = P_ = 250,008 kPa
S
P, = 252,385 kPa
P /P = 0.9804
Po/P_ = 0.9897,
o Fluid flashes at (:) :
P, = P = 245,757 kPa

1
P2 = 250.032 kP'a
D =
Ps/l0 0.9638
" /P =
lz/lo 0.9805.

o Fluld chokes at (:) '
I’1 a I's s 242.619 kPa
PZ a = 247.827 kb
Y /P =
ls/lo 0.9514

Y Y =
l2/Io 0,9719,

Example d: T = 30%C, 0w 200 kiu, M-l
e [Fluld flashes hefore nozzle entrance.
e Fluld chokes at (:) !
Po= = I55.7 ki
| [}
P, u 173.5 kP
) ]
ISIP“ 0,778

l‘.!/l‘0 ~ (1,867,
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APPENDIX
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FLOW CALCULATION PROGRAM

Coded in BASIC for use with

Hewlett Packard Model HP-85 computer

RFIJET
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120
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140
150

160
1Xa)

200
21

220
230

240

! Flow in an Orifice and its
expangion inta a rire,

\ Entropy production's calch
lation as & fun=ti1on Of Pres
rure in sererated revion

! Horlinme (luid is FREON }14
.Regervoir,orit¢tice exi1t and

dounstream flow are denoted
by g,1,2

{ pressure in serarated reei

on is eyven by P.P3I corresro

nds to sat. condition at 2

! The numbers 1.2 and 3 in b
racets corresrond to flash »
olnt.cond at 1 vhen {lov at
R is.

! saturated and chokinses cond
ftion . Excertion PO(3),TOL(3)
standr for sat. conditions a

1 2.
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COM Y(13),U18C27]1,U2¢C201,US

C20) ,IMTEGER I:N
FOF Mu]l TO 6 @ YC(H)m] @ NEXT
NQ =12
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ir P1MP1C3)> THEY GOSUB 3518
GOTO 286

GOTO 12680

IF P2=PAC3> THEH PwP3 @ Y(3)
=SAC¢(3> @ GOTO &90

IF P2>P0(3> RANHD P2<P2(3)> THE
H GOSUB 3310 ELSE &30

€80 GQOTO 29@

620 IF P2<POC3I> THEN GOSUB 3770

700 GOTO 290

710 IF FOwl THEN 720 ELSE 950

?2% NN F2 GOTO 730,329,080

720 COTO 1290

740 IF Pl=P1C1) THEM YC(2)wP2(1)
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